Introduction
Professional antigen presentation by dendritic cells (DC) may play a central role in enhancing the effectiveness of antigen-(Ag) specific immunization toward viral and tumor targets. 1, 2 In natural conditions, DC most likely present exogenous Ag up-take from dead cells. 3, 4 However, for therapeutic purposes, endogenous presentation of Ag encoded by viral vectors infecting DC has been proposed in murine 5 and human [6] [7] [8] [9] models. This strategy of Ag delivery can induce human leukocyte antigen (HLA) class I-and class II-associated immune responses and may represent a potent immunization tool inducing prolonged Ag-specific stimulation within cells capable of powerful costimulation. In addition, wholeprotein expression by vector-infected DC may enhance the immunogenicity of subdominant epitopes and, consequently, broaden the scope of immunization beyond restrictions posed by the HLA polymorphism.
Immunization through endogenous induction of whole Ag is based on the assumption that the epitope repertoire of a given Ag can be adjusted to various HLA phenotypes by a process of 'self-selection' whereby peptides are naturally coupled according to binding affinity to the HLA alleles expressed by a given individual. Although theoretically undisputable, in practice the truth of this assumption is dependent on the efficiency with which individual molecules are processed and presented in association with HLA alleles. Since most human tumor Ag are nonmutated selfproteins, T cells recognizing peptides with high affinity for HLA-class I alleles may have undergone negative selection during embryogenesis and only moderate-to low-affinity peptides are potential cytotoxic T-cell epitopes. 10 This appears to be the case for the two melanoma differentiation Ag MART-1/MelanA (MART-1) and gp100/PMel17 (gp100), whose commonly recognized epitopes in the context of HLA-A*0201 allele are characterized by low-to-medium binding affinity for this allele. 11, 12 While both Ag are natural targets of effector T cells, both appear suboptimal for the T-cell activation required for priming an immune response in the context of immunization. Thus, several groups have identified analog heteroclitic peptides characterized by higher binding affinity for HLA-A*0201 and stronger immunogenicity in vitro [13] [14] [15] [16] and upon in vivo administration. 17, 18 In this context, the ability of DC to present relevant epitopes is a prerequisite for the specificity of their immunogenic function as other facilitator mechanisms -such as expression of costimulatory molecules or release of soluble factors with immune stimulatory or chemoattractant properties -cannot substitute for Ag-specific signaling. Thus, in this study, we tested the kinetics of epitope/TCR interactions as an essential component of the equation leading to efficient Ag presentation by DC. In particular, we analyzed the efficiency of DC to engage HLA-class I-restricted TCR by presenting naturally occurring epitopes. Previous work showed that the gp100:209-217 (g209) epitope represents a natural target for tumor-specific effector memory tumor infiltrating lymphocytes (TIL) characterized by an effector-memory phenotype. However, the same epitope does not efficiently prime T-cell responses in vitro and in vivo compared with the modified gp100:209-217 (210M) (g209-2M) epitope characterized by higher binding affinity for HLA-A*0201. 17, 18 Owing to the importance of intensity and persistence of Ag-specific stimulation for induction of primary immune responses, 19, 20 we tested the ability of DC to process and present endogenous gp100. In particular, we compared the efficiency of endogenous Ag-specific presentation by DC to (1) that of tumor cells to represent the targets for activated effector memory cells and (2) that of DC loaded with saturating amounts of the g209-2M heteroclitic epitope to represent the stimulus most likely associated with successful immunization. 17 Although Ag-specific stimulation is an essential component of the adaptive immune response, the efficiency of DC as professional Ag-presenting cells is determined by other factors that could not be disregarded in this study. Maturation of DC appears to be a prerequisite for efficient activation of viral particlespecific CD8+ T-cells 21 since mature DC (mDC) can induce functionally active IFN-g producing CD8 + T-cells while immature DC (iDC) induce more regulatory, IL-10-producing CD4 + and CD8 + T-cells. 22 Indeed, there is preliminary evidence that mDC induce stronger T-cell responses than iDC in cancer patients. 23 However, some viruses commonly used as vectors for the delivery of Ag such as recombinant vaccinia -viruses (rVV) may inhibit the maturation of DC as a mechanism of immune evasion. 24 Thus, although rVV can induce strong immune responses, it remains unclear how these develop in the infected host. Pox viruses employ many mechanisms to evade the immune system, such as producing proteins that oppose apoptosis, synthesize steroids, capture chemokines, counteract complement, obstruct interferon function or intercept interleukins. 25 Thus, for practical purposes, it remains important to understand how infection with rVV of mDC or iDC affects the Agspecific and nonspecific functions of these important AG-presenting cells.
The effect of rVV infection on maturation-related functions of DC was first assessed. In addition, the ability of presenting HLA-class II-associated epitopes was confirmed. Since none of them appeared to be strongly affected in this experimental model, we turned our attention to the primary goal of the study. Thus, we compared the efficiency of an rVV encoding gp100 (rVVgp100) to infect iDC and mDC derived from circulating mononuclear cells. We also compared the ability of iDC and mDC cells to present the wild-type rVV-induced gp100 epitope g209 versus the exogenously provided epitope g209-2M to CD8+ g209-specific CTL clones.
Finally, we tested whether epitope processing and presentation were altered by rVV infection or were rather dependent on the biochemical characteristics of the individual epitope. This was explored by infecting iDC and mDC with an rVV encoding a modified gp100 construct containing the g209-2M epitope. The results suggest that Ag-specific, HLA-class I-associated presentation by DC is highly dependent on the biochemical affinity of individual epitopes for their respective HLA allele and, therefore, several known natural epitopes may not be efficiently expressed even in the context of ideal costimulation.
Results
Maturation of DC and effect of rVV-gp100 infection on viability: maturation, and gp100 expression in iDC and mDC
As expected, after 10 independent in vitro maturations, phenotype and functional aspects of mDC and iDC demonstrated that HLA-DR and CD86 were comparably highly expressed, while mDC expressed consistently and significantly more CD80 mean fluorescence intensity (MFI¼22.771.4 versus 13.471.7, P 2 o0.001, paired Student's t-test) and CD83 (MFI¼15.071.9 versus 7.170.6, P 2 o0.01, paired Student's t-test) and had lost endocytotic function while becoming potent stimulators of IFN-g secretion in response to allostimulation. Thus, treatment with CD40L and LPS was considered a satisfactory model for the preparation of two functionally distinct subsets of DC.
In paired experiments, mDC and iDC were then exposed to rVV-gp100 at 1:10 multiplicity of infection (MOI). After overnight incubation, the DC were tested for viability according to the trypan blue exclusion method. No significant differences were noted in viability in infected versus noninfected iDC and mDC (iDC 84.171.9 versus iDC + rVV 76.372.7 and mDC 90.072.5 versus mDC + rVV 83.372.3, average percent of viable cells in six consecutive experiments). The cells were then fixed and stained with the anti-gp100 mAb HMB-45 to indirectly test for rVV infection through the expression of the relevant gene. In nine consecutive experiments, no differences were noted between the two cell populations in the ability of rVV to infect and induce expression of gp100 ( Figure 1 a and b) . No significant differences were noted in the expression of gp100 in the two DC populations, whether percentage of gp100 expressing cells or intensity of gp100 expression in infected cells was analyzed. In average 36.473.9% of iDC and 34.073.2% of mDC demonstrated expression of gp100 (Figure 1c ), a figure similar to our previous experience using this infection protocol. 8 Cells demonstrating evidence of gp100 expression were separately gated and assessed for intensity of expression of the melanoma Ag. No significant differences were noted in intensity of gp100 expression between iDC and mDC (Figure 1d ), nor with the constitutive level of expression of gp100 by the SK23 melanoma cell line (data not shown). Thus, the status of maturation of DC did not appear to influence the ability of rVV to infect these cells and induce the expression of virally driven proteins.
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Effect of rVV-gp100 infection on the phenotype of iDC and mDC
Since it has been shown that rVV can inhibit the maturation of DC, 24 we then tested whether infection by rVV could inhibit the expression of various markers descriptive of the status of maturation of DC. Indeed, it has been shown that exposure to rVV can inhibit the conversion mediated by monocyte-conditioned medium of iDC into mDC. 24 However, the effect of rVV infection on the phenotype of already matured DC is not known. Therefore, in six consecutive experiments we tested the expression of HLA-DR, CD80, CD83, and CD86 after exposure of iDC and mDC to 1:10 MOI of rVV for 1 h, followed by overnight incubation. With the exception of HLA-DR, most surface markers tested demonstrated a trend to downregulation in rVV-infected compared with noninfected DC independent of their status of maturation (Figure 2a) three consecutive experiments we also tested the effect of rVV infection on HLA-A*0201 expression using the HLA-A2-specific mAb KS-1. 26 Surface expression of HLA-A*0201 was significantly downregulated by rVV infection and equally affected iDC and mDC (Figure 2 b and c). In addition, overnight treatment with IFN-a (1000 IU/ml) did not restore the expression of HLA-A*0201 by either DC population (data not shown). Thus, it appears that rVV cannot only inhibit the conversion from iDC to mDC as described by Engelmayer et al 24 but it may partially interfere with cellular metabolism in a specific or nonspecific manner by decreasing the expression of maturation markers and other proteins.
Effect of rVV-gp100 infection on HLA-class I-associated antigen presentation
We previously utilized rVV-infected iDC for the generation of predominantly HLA-A*0201-associated, CD8+ Tcell reactivity toward melanoma Ag. 7, 8, 27 In particular, we observed that this strategy was more efficient than the exogenous pulsing of iDC with saturating levels of relevant epitope. 7, 8 The reason for the enhanced efficiency remained unclear, and we postulated that the longer persistence of Ag on the surface of DC due to the prolonged production of antigenic molecules driven by the viral promoters might have been responsible. 8 Surprisingly, however, in the conduct of these studies we noted that rVV-infected DC had very little ability to stimulate generation of IFN-g production by several Agspecific T-cell clones studied (unpublished observation). Since these studies yielded indirect information about TCR engagement as they measured the cumulative production of IFN-g by T-cells over a 24-h period, we tested the efficiency of Ag presentation by iDC and mDC using new technologies that address more directly TCR/ epitope engagement. In particular, we tested the ability of rVV-infected DC to induce TCR downregulation and Figure 1 Efficiency of infection and induction of gp100 expression by the rVV-gp100 vector. After the maturation step, both iDC and mDC were exposed to 1:10 MOI of rVV-gp100 for 1 h and, after overnight incubation, stained for intracellular expression of gp100 with the mAb HMB45. 
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D Nagorsen et al intracellular accumulation of IFN-g in short-term assays as previously described. 28, 29 After infection with rVV and overnight incubation, the DC were used as antigenpresenting cells to stimulate a well-characterized g209-specific, HLA-A*0201-restricted CTL clone JR6C12 representative of most CTL clones derived from HLA-A*0201 melanoma patients treated at our institution. In particular, JR6C12 was originally expanded from circulating lymphocytes of a patient who had undergone active-specific immunization with g209-2M peptide administered subcutaneously in incomplete Freund's adjuvant. 30 JR6C12 was tested for reactivity toward the natural g209 epitope pulsed onto T2 cells (gp100:209-217 at decreasing concentrations from 1 to 0.0001 mg/ml), the irrelevant gp100:280-288 pulsed onto T2 cells, HLA-A*0201-associated epitope, two HLA-A*0201-negative and two HLA-A*0201-expressing, gp100-expressing melanoma cell lines. After 24 h of culture, the supernatants were tested for cytokine accumulation ( Figure 3 ). The clone could release discrete amounts of all cytokines tested at g209 concentrations as low as 0.1 ng/ml. This level of responsiveness was previously shown to be associated with good recognition of melanoma cell targets. 31 Indeed, this concentration of epitope approximated the cytokine release induced by exposure of JR6C12 to HLA-A*0201-expressing melanoma cell lines (bar graphs in Figure 3 ). In fact, with the exception of IL-2 that was not specifically secreted by JR6C12 upon stimulation with HLA-matched tumor cells, cytokine release was similar to 0.01 ng/ml g209 stimulation (GM-CSF: 1582722 versus 13507128 and 24447228 for g209 versus 526 Mel and 624 Mel stimulated T cells; TNF-a: 4577 versus 6677 and 74714 for g209 versus 526 Mel and 624 Mel stimulated T cells; IFN-g: 325871 versus 674749 and 27107384 for g209 versus 526 Mel and 624 Mel stimulated T cells cytokine concentrations given are reported as pg/ml). None of the non-HLA-A*0201-matched targets induced cytokine release as well as the irrelevant gp100:280-288 HLA-A*0201-associated epitope at the concentration of 1 mg/ml. Thus, this CTL clone fits the profile of a high avidity T cell that can recognize the naturally processed and presented g209 epitope.
In five consecutive experiments, JR6C12 was cocultured for 6 h at a 3:1 effector:stimulator ratio with the melanoma cell lines A375 and SK23, respectively, lacking and expressing gp100. In addition, JR6C12 was exposed to iDC and mDC previously infected with rVV encoding gp100. There was no significant difference in the expression of gp100 by rVV-infected iDC and mDC compared with SK23, while the expression of this Ag was significantly increased in these cells compared with A375 and noninfected iDC and mDC (t-test P 2 valueo0.01 in all circumstances). The expression of Epitope selection in vaccinia-virus-infected dendritic cells D Nagorsen et al gp100 by iDC and mDC was not sufficient to induce detectable levels of IFN-g expression by JR6C12, while a modest but significant percentage of T cells (5.370.8) expressed IFN-g upon exposure to the gp100-expressing SK23 (Figure 4a ). TCR downregulation appeared to be a more sensitive marker of Ag-specific T-cell engagement since we could observe nearly 31.276.8% decrease in MFI in cells stimulated with SK23 and a lesser but detectable decrease upon stimulation with iDC (12.874, t-test P 2 value¼0.02 compared with SK23) and mDC (18.575.2, t-test P 2 value¼0.07 compared with SK23) infected with rVV ( Figure 4b ). In addition, all T-cells demonstrated a certain reduction of TCR expression as the fluorescence intensity was homogeneously shifted to lower levels in SK23-, iDC-, and mDC-stimulated T cells.
To exclude that HLA-A*0201 downregulation on rVVinfected DC could influence the presentation of relevant epitope, JR6C12 was also exposed to DC pulsed with limiting amounts of g209-2M characterized by high binding affinity for this HLA allele.
13 JR6C12 was exposed to iDC, iDC + rVV-gp100, mDC, and mDC + rVV-gp100. The effect of such exposure was analyzed on intracellular accumulation of IFN-g (Figure 4 , panel c) and TCR downregulation (percent decrease in TCR MFI compared with non-stimulated JR6C12, Figure 4 , panel d). JR6C12 could recognize g209-2M pulsed DC at peptide concentrations as low as 0.01 ng/ml as judged by TCR downregulation. However, peptide concentrations of 1 ng/ml were necessary to detect any evidence of IFN-g accumulation in a few T cells and 100 ng/ml to identify IFN-g accumulation in the majority of T-cells. Thus, TCR downregulation was the most sensitive marker of TCR/epitope engagement. This finding might explain our previous observation that the percent of Tcells staining with tetrameric HLA-peptide complexes and demonstrating TCR downregulation upon cognate stimulation was consistently higher than the number of intracellular IFN-g-expressing T cells. 28, 32 In addition, these data suggest that the ability of DC to present Ag is not significantly limited by the decreased surface density of HLA-A*0201 molecules occurring 12-24 h after rVV-gp100 infection.
Endogenous processing and presentation of rVV-Gp100 to HLA-class I-restricted CD8+ T cells
In five consecutive experiments, the ability of iDC and mDC to process and present endogenous or exogenous Ag was compared by stimulating JR6C12 with infected and noninfected DC and the two melanoma cell lines (Figure 5a ). In all conditions, a parallel experiment was conducted in which the stimulator cells had been previously loaded with 10 mg/ml of g209-2M to test the intrinsic capability of DC to present HLA-class I-associated epitopes independent of their ability to process endogenous Ag. In this set of experiments, it appeared that the intrinsic ability of DC to present exogenously provided epitope was not affected by their status of maturation or by their exposure to rVV-gp100. Figure 3 Characterization of the gp100-specific CD8+ T-cell clone JR6C12. The CD8+ CTL clone JR6C12 was originally expanded from circulating lymphocytes of a patient who had undergone active specific immunization with g209-2M peptide administered subcutaneously in incomplete Freund's adjuvant. 30 This clone was stimulated for reactivity toward the natural g209 epitope (gp100:209-217 at decreasing concentrations from 1 to 0.0001 mg/ml), with the irrelevant gp100:280-288 (1 mg/ ml), HLA-A*0201-associated epitope, and with two HLA-A*0201-negative and two HLA-A*0201-expressing, gp100-expressing melanoma cell lines. After 24 h of culture, the supernatants were tested for cytokine accumulation. Data represent the average7s.e.m. of three experiments and represent pg/ml of cytokine in the supernatant.
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However, their ability to process and present endogenous Ag appeared to be quite limited independent of their status of maturation. Also in this set of experiments, TCR downregulation appeared to be a more sensitive marker of T-cell epitope engagement than intracellular IFN-g accumulation. Based on these findings, it was not clear whether the effectiveness of Ag processing and presentation was dampened by rVV infection or if the biochemical properties of the epitope involved in T-cell activation bore the most significant impact. Therefore, we repeated the same set of experiments by stimulating JR6C12 with DC that had been previously infected with an rVV containing a modified gp100 construct to express 209-2M rather than the wild-type 209 epitope (Figure 5b ). This caused a dramatic change in the ability of DC to present epitope to JR6C12 independent of their status of maturation. In both cases, rVV-infected DC could induce the same amount of TCR downregulation and IFN-gexpressing JR6C12 as DC that had been pulsed with saturating amounts of g209-2M (10 mg/ml). From this set of experiments, it appears that DC retain the capability to process and present Ag in the context of rVV infection. However, the efficiency of Ag presentation is highly dependent on the specificity of the HLA-epitope interaction. These findings may explain our previous observation of the stringent allele-epitope specificity of MART-1/MelanA immune dominance. 27 To exclude Tcell clonotype-specific preferences in the recognition of the mutated versus wild-type epitope. The critical experiment described in Figure 5b was reproduced utilizing two additional g209 clones (CK3H6 and S6G3) expanded from bulk populations from other individuals affected by melanoma: the T-cell clones were stimulated with rVV-infected as well as g209-2M-pulsed mDC ( Figure 6 ). A very similar pattern of IFN-g expression (Figure 6a ) as well as TCR downregulation (Figure 6b ) was also noted in these two clones. In addition, identical results were noted using rVV-infected and peptidepulsed iDC (data not shown).
Endogenous processing and presentation of rVV-Gp100 to HLA-class II-restricted CD4+ T cells A major advantage of whole Ag delivery through recombinant vectors is the theoretical possibility of delivering several epitopic determinants simultaneously. This could be of particular advantage if HLA-class II-associated epitopes could be presented in combination with HLA-class I-associated epitopes to sustain activation Figure 4 Effect of the coculture of rVV-infected DC with the gp100-specific CD8+ T-cell clone JR6C12. The CD8+ T-cell clone JR6C12 was cocultured at a 3:1 effector:stimulator ratio for 6 h with the melanoma cell lines A375 and SK23, respectively, lacking and expressing the melanoma antigen gp100. In addition, the same clone was exposed to iDC and mDC that had been infected previously with rVV encoding gp100. The black bars represent the expression of gp100 by the melanoma cell lines and the infected DC (gp100 expression was measured only in the gated population of DC that demonstrated virally driven expression; see Figure 3a ). The white bars show the percent of CD8+ T cells staining for intracellular content of IFN-g (panel (a)) or the percent decrease in MFI for TCR staining (panel (b)) following exposure to the various stimulator cells. Data represent the average7s.e.m. of five consecutive experiments. To exclude the possibility that downregulation of HLA-A*0201 itself could affect the presentation of relevant epitope, JR6C12 was also exposed to DC pulsed with limiting amounts of the gp100:209-217(210M) peptide (209-2M) characterized by high binding affinity of this HLA allele. 13 The T-cell clone was exposed to iDC (J), iDC+rVV (), mDC (&), and mDC+rVV ('). The effect of such exposure was analyzed on IFN-g intracellular accumulation (panel c) and on TCR downregulation (percent decrease in TCR MFI compared with nonstimulated JR6C12, panel (d)).
Epitope selection in vaccinia-virus-infected dendritic cells D Nagorsen et al of APC and other immune cells. 33, 34 Thus, we investigated, in three consecutive experiments, the ability of iDC and mDC to induce activation of an HLADRb1*0701-restricted CD4+ T-cell clone (F11) upon infection with rVV-gp100 and/or exogenous pulsing with the relevant epitope gp100:170-190 (LSIGT-GRAMLGTHTMEVTVYH). 35 In this set of experiments, no differences were noted between the ability of iDC and mDC to induce TCR downregulation and IFN-g production by F11 upon rVV infection (Figure 5c ). In addition, it appeared that the transgene could induce surface epitope expression comparable to those obtainable in saturating conditions of exogenous epitope delivery, since no differences were noted in T-cell activation in response to peptide-pulsed compared with rVV-infected iDC or mDC. Thus, endogenous processing of HLA-class IIassociated epitopes is similar between iDC and mDC and it is not altered by rVV infection.
Effect of rVV infection on cytokine production by iDC and mDC
We investigated whether rVV infection had functional repercussions on the cytokine profile of iDC and mDC by testing in four consecutive experiments supernatants from DC cultures exposed or not exposed to rVV infection using a protein chip array (Figure 7 ). In general, in the experimental conditions tested, rVV infection had no effect on the ability of DC to release cytokines, although a trend was noted in an overall decrease in cytokine accumulation in the presence of rVV infection. This trend reached statistical significance only in the case of IL-12, whose expression was reduced in rVV-infected mDC.
Discussion
Several groups have repeatedly shown that immunization with minimal epitopic determinants is very effective in inducing HLA-class I-associated CD8+ T-cell responses. 36 By restricting the immunogen to a single epitope/HLA allele combination, this approach is, however, intrinsically limited by the prevalence of a given HLA allele in the population to be treated 37 and by the level of expression of such an allele by tumor cells, which may vary in natural conditions or in adjustment to Therefore, effective expression of whole Ag would be more desirable based on the assumption that Ag processing and presentation by the host cells could naturally tailor the antigenic potential to the HLA phenotype of individual patients to induce broader immune responses less susceptible to HLA allele or haplotype-specific loss. 39 Thus, various strategies have been suggested to cause expression of whole Ag in vivo with the purpose of priming polyvalent CD8+ T-cell/HLA-class I-restricted and CD4+ T-cell /HLA-class II-restricted immune responses. These strategies include administration of expression vectors, 40, 41 naked DNA, 42, 43 chaperon delivery systems such as autologous heat-shock proteins, 44 pools of unselected protein extracts such as tumor lysates, 45 or whole proteins. 46 An appealing tactic for Ag delivery includes the induction of Ag expression in DC to combine the pluripotentiality of whole Ag delivery with the costimulatory properties of these professional antigen-presenting cells. 7, [47] [48] [49] [50] The success of these strategies is based on the assumption that the chances of a given molecule to be immunogenic are relatively uniformly distributed across the HLA polymorphism.
It has also been suggested that infection of DC with viral expression vectors to induce Ag expression may have the additional benefit of promoting activation of these cells through a danger signal intrinsic to the biology of the viral infection. 34 Indeed, we have utilized in the past rVV for the in vitro induction of antimelanoma differentiation antigen-specific CTL. 7, 8 We, however, noted that MART-1/MelanA-specific immune reactivity was more easily elicited than that of the larger melanoma differentiation antigen gp100. In addition, we observed that the reactivity elicited against MART-1 was almost exclusively limited to the HLA-A*0201-associated MART-1:27-35 epitope, suggesting that the immunogenicity of a protein may not be necessarily expandable to multiple HLA alleles as desired by the whole Ag vaccination approach. Although others have reported successful induction of gp100-specific T cells using rVVinfected DC, 48, 49 our parallel studies where induction of MART-1 reactivity was compared with that of gp100 using identical vectors demonstrated a much lower effectiveness of the gp100 construct to induce Ag-specific T cells in spite of identical efficiency of infection and expression of Ag (unpublished data).
Nevertheless, it appeared in parallel experiments that rVV-based delivery of MART-1/MelanA through DC in vitro was more efficient in inducing CD8+/HLA-A*0201-associated immune responses against MART-1:27-35 than exogenous pulsing of DC with saturating levels of the same epitope. 7 Due to the suggested influence of the duration and intensity of Ag stimulation on the fate of T-cell activation, 19, 20 we originally postulated that the higher immunogenicity of rVV-induced Ag delivery was due to prolonged expression of MART-1 driven by rVV infection compared with the short permanence of the same epitope after exogenous pulsing. Epitope selection in vaccinia-virus-infected dendritic cells D Nagorsen et al and, as a consequence, efficiency of Ag presentation. 24 Thus, it remains questionable how rVV deliver Agspecific stimulation in the context of active-specific immunization.
Since DC maturation is a step that can be achieved in vitro before adoptive transfer for therapeutic purposes, 51 we first assessed the sensitivity of iDC and mDC to rVV infection. In addition, we tested whether rVV infection could alter the status of activation and/or differentiation of iDC and mDC. Overall, in the experimental conditions tested, rVV could infect and induce expression of gp100 with similar efficiency in iDC and mDC. In addition, the effect of the viral infection was relatively minor in both types of cells at the time point evaluated. In general, a depression of most cellular functions was noted with a trend to decrease surface expression of HLA-class I alleles and costimulatory molecules and reduce release of cytokines, suggesting a nonspecific depression of the metabolic status of the cell associated with the viral infection. To assess whether rVV infection could affect the ability of DC to present endogenously processed Ag, we tested the ability of rVV-infected iDC and mDC to induce TCR downregulation as well as induce production of IFN-g. These assays were selected over other methods to assess Ag-specific stimulation of T-cells because they appear to provide the most direct and sensitive evidence of TCR/epitope engagement. In addition, we and others have previously shown that they correlate quite well with other methods of assessing Ag-specific stimulation. 16, 28, 29, 32, 52 Because of the significant reduction in HLA-A*0201 expression caused by rVV infection, we first tested the ability of rVV-infected DC to induce TCR downregulation and IFN-g expression in the g209-specific CD8+ T-cell clone JR6C12 when exogenously pulsed with gradually decreasing concentrations of relevant epitope. No significant differences were noted in the ability of iDC or mDC to induce T-cell activation, whether they had been infected or not, suggesting that the cell surface availability of functional HLA-A*0201 molecules in the conditions tested was not a major limiting factor.
Interestingly, however, virally driven expression of gp100 could not induce IFN-g expression and caused only minimal TCR downregulation in spite of levels of gp100 expression comparable to those of a melanoma cell line capable of inducing a moderate stimulation of the same T-cell clone. To test whether this lack of stimulation was due to Ag processing, trafficking or presentation defects in DC upon rVV infection or to a low affinity of the natural g209 epitope for HLA-A*0201 that could affect its endogenous presentation, we infected DC with rVV encoding a gp100 construct containing the g209-2M modification. Since this restored the ability of DC to induce stimulation of JR6C12, we conclude that rVVinfected iDC or mDC maintain their ability to process and present endogenous Ag and that their Ag-presentation efficiency is mainly dependent on the biochemical properties of a given peptide. It is possible that the higher binding affinity of g209-2M for HLA-A*0201 is the sole explanation for this phenomenon. 13 Interestingly, however, this biochemical property appears to be more significant in the context of endogenous presentation, since in titration experiments the differential response of JR6C12 to either peptide provided exogenously was relatively narrow.
This study shows that DC are not particularly efficient in inducing HLA-class I-associated Ag-specific stimulation of CD8+ T cells unless a strongly binding peptide is used. This, of course, is not surprising since their function is rather dependent on the costimulatory function of various cell surface molecules or the immune stimulatory and chemoattractant properties of released cytokines. 51, 53 Contrary to other viral systems, 54 these functions appear only minimally affected in the early phases of rVV infection, when DC are still viable. Furthermore, both iDC and mDC appear very efficient in presenting endogenous Ag to HLA-class II-restricted CD4+ T cells. It is also likely that part of the Ag presentation occurring in vivo could be dependent upon endogenous scavenger DC that, upon virally induced cell death at the vaccination site or in draining lymph nodes, can cross-present rVV-derived Ag. 4, 55, 56 Although rVV infection has been shown to impede maturation of DC, 24 it does not appear, according to our study, to rapidly revert the function and properties of DC after completion of the maturation process. In fact, rVV infection only minimally affected the status of maturation of DC in the experimental conditions tested here. This point may be particularly important since DC maturation is a requirement for efficient activation of CD8+ T cells. 21 Importantly, DC maturation is not associated with decreased efficiency of transgene expression. Thus, rVV infection should follow the maturation step and rVV-infected mDC could be a useful tool for immunization, given the presence of an appropriate epitope/allele combination in the selected Ag.
The importance, however, of Ag-specific stimulation cannot be underestimated by assuming ad hoc immunogenicity across the HLA polymorphism. 37 Experience has shown that there is a discrepancy between the number of peptides within an Ag that can be predicted to bind to various HLA alleles and the number of epitopes actually recognized in a CTL response to the same protein. 27, 57, 58 Consequently, the 'dominant' peptides that can function as antigenic determinants are far fewer than the potential HLA binders, while most peptide sequences have 'cryptic' immunogenic properties. As we have previously shown, efficient presentation of immunogenic/ 'dominant' epitopes is dependent upon stringent and often unpredictable pairing of an HLA allele with a given peptide. Even well-characterized immunogenic epitopes derived from self-proteins may have relatively cryptic immunogenicity compared with their heteroclitic analogs when priming predominantly naïve immune responses, as exemplified by MART-1/Melan A 59, 60 and, in this case, gp100. Thus, it appears that whole Ag immunization by adoptive transfer of rVV-infected mDC may not necessarily induce the broad immune responses predicted by the potential of peptide binding to the HLA allelic repertoire of a given patient. Instead, antigenic constructs should be carefully designed to match the known immunogenic potential of a protein with appropriate HLA phenotypes. Since the prevalence of 'dominant' epitopes in nature is probably lower than theoretically predictable by HLA-binding algorithms, it might be more logical to design expression vectors based on available information about the immunogenicity of given HLA/peptide combinations. For instance, some have suggested the development of polyepitope constructs spanning several Ag. 50 This strategy may prove 
Materials and methods

Culture medium
All cells were maintained in complete medium (CM) consisting of Iscove's medium (Biofluids, Rockville, MD, USA) supplemented with 10% heat-inactivated human AB serum (Gemini Bioproducts, Inc., Calabasas, CA, USA), 10 mM HEPES buffer (Cellgro, Mediatech, Inc., Herndon, VA, USA), 0.03% L-glutamine (Biofluids), 100 U/ml penicillin/streptomycin (Biofluids), 10 mg/ml ciprofloxacin (Bayer, West Haven, CT, USA), and 0.5 mg/ ml amphotericin B (Biofluids).
Dendritic cells, melanoma cell lines, and T-cell clones
PBMC from HLA-A*0201-positive or HLA-DRb1*0701-positive healthy donors recruited by the Department of Transfusion Medicine, NIH, were isolated by Ficoll gradient separation and frozen in human AB serum supplemented with 10% DMSO and stored in liquid nitrogen until analysis. PBMC were processed for preparation of DC as previously described. 61 In brief, after thawing, PBMC were cultured at a concentration of 5 Â 10 7 /ml in 20 ml CM in 75 cm 2 tissue culture flasks (Costar, Cambridge, MA, USA) for 3 h at 371C. Then, nonadherent cells were removed by gentle aspiration with a 10 ml pipette (Costar), while the remaining adherent cells were washed twice with PBS and cultured for 5 days in CM supplemented with human recombinant GM-CSF (Pepro Tech, Inc., Rocky Hill, NJ, USA) (10 3 U/ml) and human recombinant interleukin-4 (IL-4) (10 3 U/ml, Pepro Tech). These two cytokines were added on day 0, 2, and 4. On day 5, CD40L (Pepro Tech, final concentration 500 ng/ml) and LPS (Sigma, St Louis, MO, USA, final concentration 5 mg/ml) were added to half of the DC to induce maturation. 62 On day 7, DC were harvested for use. The HLA-A*0201-expressing melanoma cell lines A375-MEL (ATCC CRL 1619) and SK23-MEL (ATCC HTB 71) were purchased from ATCC (Rockville, MD, USA). A375 is a cell line not expressing gp100, whereas SK23 is positive for gp100 expression. JR6C12 is a CD3+ CD8+ T-cell clone characterized for reactivity against gp100:209-217 (IMDQVPFSV, g209) as well as against the modified gp100:209-217(210M) (IMDQVPFSV, g209-2M) as previously described (patient # 10 in Dudley et al 30 ) . JR6C12 testing for epitope specificity was performed by incubation with T2 cells pulsed with the natural g209 peptide epitope at decreasing concentrations (1-0.0001 mg/ml), the irrelevant gp100:280-288 (1 mg/ml), HLA-A*0201-associated epitope, with two HLA-A*0201-negative and two HLA-A*0201-positive, gp100-expressing melanoma cell lines. After 24 h of culture, the supernatants were tested for cytokine accumulation using ELISA kits (Endogen). F11 is a CD3+ CD4+ T-cell clone specific for gp100:174-190 (HLA-DRb1*0701-restricted) epitope TGRAMLGTHT-MEVTVYH. 35 S6G3 and CK3H6 are two further CD3+ CD8+ T-cell clones characterized for reactivity against gp100:209-217 (IMDQVPFSV, g209) as well as against the modified gp100:209-217(210M). All T-cell clones were thawed the day before stimulation and rested overnight in CM at a concentration of 1 Â 10 6 cells/ml.
Vaccinia viruses and infection of DC
Recombinant vaccinia-viruses containing native human gp100 (rVV-209) or modified human gp100 (rVV-209-2M), respectively, were provided by Therion Biologics (Cambridge, MA, USA). Infection was performed by centrifuging 3 Â 10 6 DC in a 15 ml tube (Sarstedt, Newton, NC, USA) in CM, gentle removal of supernatant and resuspension in a solution of 50 ml PBS containing 3 Â 10 7 PFU of rVV (MOI 1:10). The cells were then centrifuged (500 rpm, 2 min), rested for 1 h at 371C shaking the tubes every 15 mins. After 1 h, CM was added, the cells were washed and rested overnight in an incubator.
Cytokine profiling of DC supernatants
At 24 h after rVV infection, a set of supernatants (four infected and four paired noninfected iDC and mDC) was collected. The supernatants were analyzed for the expression of a panel of cytokines using Th1/Th2 protein chip arrays (Search Light Proteome Arrayt, Perbio, Boston, MA, USA).
FACS analysis of maturation state and gp100 expression of DC
Cell surface expression level of various markers and gp100 expression by DC was determined by flow cytometry. Washed DC were suspended at a concentration of 2 Â 10 5 cells per 50 ml FACS buffer (phosphate buffer plus 5% FCS; Biofluids). DC were incubated at 41C in the dark for 30 min with 10 ml of the respective fluorochrome-labeled antibodies. Then, cells were washed in 4 ml of FACS buffer and analyzed using a FACScalibur flow cytometer and CellQuest software (Becton Dickinson). At least 30 000 events were acquired for analysis. The antibodies used were anti-CD80-FITC, anti-CD83-FITC, anti-CD86-FITC, anti-HLA-DR-FITC, KS-1 (anti-HLA-A2), and HMB (anti-gp100). Except for KS-1 26 and HMB45 (Enzo Diagnostics, Farmingdale, NJ, USA), all antibodies were purchased from Becton Dickinson. For analysis of gp100 expression, cells were fixed in acetone for 5 min and then washed prior to staining. Rat-anti-mouse-IgG1-FITC was used as secondary antibody for KS-1 anti-HLA-A2 and HMB anti-gp100 antibodies after a further washing step. Staining data were reported as percentage of positive cells or as MFI.
Peptide pulsing
The peptides g209 and g209-2M were purchased from Princeton Biomolecules, (Columbus, OH, USA). The peptide gp100:170-190 (LSIGTGRAMLGTHTMEVT-VYH) was kindly provided by Dr M Parkhurst, NCI, NIH. For pulsing, cells were rested overnight in CM with dissolved peptide in final concentrations of 10, 10
À1
, 10
À3 , and 10 À5 mg/ml at 371C and 5% CO 2 . DC were then washed three times before using them as stimulators.
Epitope selection in vaccinia-virus-infected dendritic cells D Nagorsen et al Stimulation of CTL clones by DC and melanoma cells and subsequent FACS analysis for the detection of TCR downregulation and intracellular IFN-g expression Before stimulation, T cells were plated into 48-well plates (costar) at a concentration of 10 6 cells per well. Then, washed DC or melanoma cells were added into each well at a stimulator: effector ratio of 1:3. After 6 h of coincubation, the cells were transferred to 5 ml tubes (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA) and stained for TCR surface expression and IFN-g intracellular expression. For TCR staining, cells were washed once in FACS buffer (phosphate buffer plus 5% FCS; Biofluids) and then stained with anti-CD3, -CD8, -CD4, and -TCR mAbs (20 min, on ice, in the dark). For intracellular IFN-g staining, Brefeldin A (Sigma, St Louis, MO, USA) was added to the CTL 1 h after the stimulation at a final concentration of 10 mg/ml. After five additional hours of incubation, the cells were washed once with PBS and incubated for 10 min in PBS containing 1 mM EDTA. Two additional washes were performed and then the cells were stained in the dark with anti-CD3 and -CD8, -CD4 mAbs for 20 min on ice. Afterwards, permeabilization solution was added (Becton Dickinson, San Jose, CA, USA) followed by IFN-g staining for 30 min. After staining, cells were washed in 4 ml of ice-cold FACS buffer and analyzed using a FACScalibur flow cytometer and CellQuest software (Becton Dickinson). At least 30 000 events were acquired for each sample. The following mAbs were used: anti-TCR alpha/beta-FITC, anti-IFN-g-FITC, anti-CD3-PerCP, anti-CD8-APC, and anti-CD4-APC (Becton Dickinson).
Statistical analysis
Lymphocytes, DC, or tumor cell populations were gated according to light scatter. In addition, T cells were gated according to CD3 and CD8 staining for JR6C12, S6G3, and CK3H6 CTL or CD3 and CD4 staining for F11 CD4+ clone. Expression of CD80, CD83, CD86, HLA-DR, HLA-class I (HLA-A2), and gp100 is presented as the average of the mean fluorescence intensities of individual experiments. Percentages of gp100-positive and IFN-g-positive cells represent cells staining above the 97th percentile of the negative control. TCR downregulation was calculated according to the following formula: fTCR down ¼(TCR meanMFI nonstimulatedÀTCR-meanMFI stimulated)/TCR meanMFI nonstimulated Â 100%. TCR meanMFI nonstimulated represents the mean MFI of TCR expression in JR6C12 without any stimulation and TCR meanMFI stimulated represents the mean MFI of TCR expression after the respective stimulation. Paired, two-tailed Student's t-tests were performed to compare bead-uptake (mDC versus iDC); cytokine concentrations in supernatants (iDC versus mDC; DCÀrVV versus DC+rVV), gp100 expression, expression of HLA-DR, CD80, CD83, CD86, HLA-A2, TCR downregulation; and IFN-g expression (both in JR6C12 and F11).
